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Abstract 
This paper presents the operation of a Solid Oxide Fuel Cell (SOFC) stack model based distributed generation (DG) by taking 
into consideration its dynamics. The SOFC modeling is carried out in state space form. The operation of this model in islanding 
as well as in grid connecting mode is discussed. The variations in the grid frequency and the output power delivered by the grid is 
presented for the both the modes. Effectiveness of the SOFC model has been demonstrated by connecting it to an infinite bus and 
to a 10 node distribution network. Voltage profile improvement and power loss reduction play a key role in distribution network. 
Results confirm the usefulness of this model in improving the voltage profile and in maintaining the grid frequency.  
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Organizing Committee of ICAER 2013. 
Keywords:SOFC model, Distributed Generation, Distribution network, Grid connecting mode, islanding mode 
1. Introduction 
Distribution networks Distribution networks play a key role in the electrical market as it is on the consumer side. 
Customer satisfaction is based on the reliability and the quality of the electricity supplied. To improve the voltage 
profile and to reduce the active power losses, researchers all across the globe have put in all their efforts to overcome 
this problem. Time and again, the integration of compensators into the distribution network or the reconfiguration of 
the network has proved to be successful. However, in the 21st century, with the electricity market getting 
deregulated, an endless opportunity was available to play with the distribution networks. And this era began with the 
incorporation of distributed generations (DGs) in the distribution network. DGs have changed the way distribution 
networks looked like.  
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The passive, radial structure is gone. The networks have become active with DGs allowing the current to flow in 
either direction. The penetration of distributed generation in utility networks is increasing worldwide. The presence 
of generation close to demand can potentially reduce the need for traditional system expansion. This eventually led 
to the concept of microgrids. Microgrids are independent low voltage or medium voltage distribution networks 
comprising of micro sources, energy storages and controllable loads.  
Zhu and Tomsovic [1] proposed simplified slow dynamic models for fuel cells along with the analysis of their 
stand- alone dynamic performance. Padulles, Ault and McDonald [2] proposed a simulation model of a power plant 
based on fuel cell using PSS commercial package. He [3] presented a simulated model of the fuel cell to determine 
the load following capability of the system. Das, Aditya and Kothari [4] presented the dynamics of wind turbine 
generators and diesel considering the optimum values of the gain settings of the proportional integral controller. 
Mioa, Domijan Jr. and Fan [5] investigated the stability of a microgrid with diesel generator and inverter based 
distributed energy resources under islanded conditions. Gao and Iravani [6] proposed a voltage controlled voltage 
sourced converter model to study the operation of distributed generators in grid connected and islanded modes. 
Lopes, Moreira and Madureira [7] proposed two control strategies to study the dynamic behavior of the inverter fed 
microgrid under islanded operation. Various other literature relating to the work in this field [8-14] are studied. 
This paper presents the modeling of a SOFC stack taking into consideration its dynamics. The operation of the 
modeled SOFC stack is studied in islanding as well as grid connecting mode. The state space approach is carried out 
to model the stack. The operation of the SOFC stack is analyzed using two approaches: (a) Connected to the grid, 
(b) Connected to a 10 node sample distribution network [15].  
2. SOFC Stack Model 
Fuel cells are another rapidly developing generation technology [1]. They have the high efficiency and high 
reliability due to the limited number of moving parts. The effectiveness of a fuel cell lies in the electrolyte used. The 
classification of the fuel cells is based on the type of the electrolyte used. Polymer electrolyte fuel cell (PEFC), 
Alkaline fuel cell (AFC), Phosphoric acid fuel cell (PAFC), Molten carbonate fuel cell (MCFC) and Solid oxide fuel 
cell (SOFC) are some of its types. Out of the many, the modeling of SOFC is discussed in detail. 
2.1. Background 
The reaction of hydrogen with oxygen to produce water is the basic fundamental operation of all fuel cells [2]. In 
an SOFC, these half reactions take the form, 
 o eOHOH 2222 … anode                                                                                                  (1) 
2
2 24
 o OeO … cathode                                                                                                   (2) 
The electrons released in the anode half reaction flow through an external circuit as current and return to the cathode 
to react with oxygen molecules. The thermal dynamics are not included as the associated time constants are much 
longer than those of the electrochemical response. The fuel supplied to the SOFC plant is natural gas.  
2.2. Assumptions 
x The only source of losses is ohmic. 
x The Nerst equation can be applied. 
2.3. Modeling 
It could be considered that the molar flow of any gas through the valve is proportional to its partial pressure 
inside the channel, according to the expressions. 
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where anK   : anode valve constant. 
 
222
,, OOHH qqq  : Molar flows of hydrogen, water and oxygen respectively. 
 
222
,, OOHH KKK : Valve molar constants for hydrogen, water and oxygen respectively. 
 
The universal gas equation is applied to every individual gas and in this section, hydrogen is considered as an 
example. 
TRnVp HanH ... 22                                                                                                                                (6) 
 
where anV  : Volume of the anode. 
 
2H
n : Number of hydrogen moles in the anode channel. 
 R    : Universal gas constant 
 T     : Absolute temperature. 
 
Isolating the pressure and taking the time derivative of the expression, one obtains,  
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where 
2H
q  : time derivative of 
2H
n which represents the hydrogen molar flow. 
There are three relevant contributions to the hydrogen molar flow: 
oThe input flow, inHq 2  
oThe flow that takes part in the reaction, rHq 2  
oThe output flow, outHq 2  
So, eqn. (7) can be written as  
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According to the basic electrochemical relationship, the molar flow of hydrogen that reacts can be calculated as, 
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where ON  : Number of cells associated in series in the stack,  
F    : Faradays constant, 
rK   : Constant equal to F
NO
2
. 
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The hydrogen partial pressure becomes, 
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Taking the Laplace transform, 
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Similar expressions can be drawn for OH2 at anode channel and 2O  at the cathode channel. 
2.4. SOFC Stack Equations 
The SOFC can be modeled in state space form, 
dcIBAXX . 
x
                                                                                                                                          (12)
         
The matrices A and B can be written as, 
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The expressions for dcV and dcI are given by 
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and are obtained from the model in figure 1, where dcdc IV , are the stack voltage and the stack current respectively. 
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2.5. Inverter Interface 
Many of the newer forms of distributed generation cannot be connected directly to the AC grid [16]. Fuel cells 
and solar cells effectively generate at DC. Grid connection, therefore, requires a power electronic interface. The fuel 
cell supplies energy to the DC bus via a DC-DC converter, which acts as a current regulator. A DC-DC converter is 
used to step up the voltage of the fuel cell stack to that of the dc bus, and to provide regulation of the DC bus voltage 
and of the fuel cell current. The switching dynamics are not modeled.The primary contr ol objectives for the 
inverter are to deliver a specified active power to the grid and to regulate the terminal voltage to a pre-established set 
point. 
2.6. Phase Locked Loop 
Microgrids that are supplied solely by inverter based sources, such as fuel cells, may have no rotating inertia. As 
a result, the frequency of the AC voltages and currents must be established by the inverter. This can be achieved by 
the use of a phase locked loop (PLL). A reference signal for firing is established by the PLL [17]. The dynamic 
behavior of the PLL, therefore, has an important influence on the microgrid frequency. 
2.7. Complete Model 
The complete model comprises of the SOFC model incorporated with the inverter controls and the phase locked 
loop. The block diagram representation of the complete model is presented in figure 2.  
3. Studied System 
In order to study the effect of the SOFC based DG on the distribution network, three cases are considered with the 
incorporation of SOFC into the system. Firstly, the complete model is integrated to the grid. The grid is assumed to 
be an infinite bus. The load is taken to be 170 kW. The schematic representation of this case is presented in figure 1. 
The block representation of the grid along with the SOFC based DG is shown in figure 3. Secondly, a 23 kV, 100 
MVA, 10 node sample distribution network is considered [15]. The SOFC based DG is connected to the 5th node of 
the 10 node distribution network to study the changes in voltage profile, which is shown in figure 4. Thirdly, two 
SOFC based DGs are considered which are connected to node 5 and node 10 to study the usefulness of the model.  
 
Fig.1. Single line diagram of the microgrid study system 
4. Results and Analysis 
4.1. Case 1 
The result of the SOFC stack connected to an infinite bus is presented in figure 5. The result shows the changes in 
four different parameters. The analysis of the results can be divided into three phases: (i) SOFC connected to the grid 
(0 – 20 s), (ii) islanded conditions (20 – 40 s) and (iii) resynchronization with the grid (40 s onwards). The output 
voltage of the SOFC stack at steady state point is 2 p.u. The voltage refers to 480 V on a base of 240 V. The terminal 
voltage is 1p.u. on the same voltage base. These two parameters remain the same in all three phases.  
During the first phase, the power delivered by the SOFC stack is 70 kW. It is 0.7p.u. on a 100 kW base. As the 
load is of 170 kW, the remaining 100 kW is powered by the grid. The grid frequency initially drops due to the 
sudden demand in load and becomes nominal after few seconds. The secondary control is functional as the grid is 
still connected. During the second phase, the SOFC is disconnected from the grid and goes into islanded mode. The 
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power supplied by the grid to the load becomes zero. Hence, the total power of 1.7p.u. on a 100 kW is fed to the load 
by the SOFC stack. The grid frequency momentarily shoots up due to the loss in the load and finally becomes 
nominal. The secondary control is no more functional in this phase as the grid has to supply no more power. During 
the third phase, the SOFC is resynchronized to the grid. The output power of the SOFC drops as a part of the power 
is now fed by the grid. The grid frequency and the secondary control exhibit the same feature as during the first 
phase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Complete Modeling 
4.2. Case 2 
The result of the SOFC stack connected to a 10 node sample distribution network is presented in figure 7. Data 
for this system are available in [15]. The DG is connected at node 5 of the network. The sudden changes in the 
voltage at two different nodes are observed. The voltage keeps on changing till it reached the steady state. The 
converged voltage values at node 5 and node 10 without SOFC are 0.9480p.u. and 0.8375p.u. which is presented in 
figure 6. After placement of the SOFC, the converged voltage values are found out to be 0.9485p.u. and 0.8381p.u. 
respectively. From the results, it can be observed that there has been a small improvement in the voltage profile.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Block Representation of the grid. 
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4.3. Case 3 
In this case, two SOFCs are connected to the distribution network (node 5 and node 10). After placement of the 
SOFCs, the converged voltage values are found out to be 0.94918p.u. and 0.84252p.u. respectively (figure 8). 
5. Conclusions 
In this paper, the emerging concepts of microgrids have been studied successfully. Out of the many available 
micro-sources, the solid oxide fuel cell has been modeled and integrated to the utility grid. The P-Q control mode of 
the DG has been successfully studied. Of the three cases studied, it has been seen that the SOFC model has been 
successful in maintaining the grid frequency of an infinite bus as well as helps in improving the voltage profile of the 
distribution network. 
 
Fig.4. SOFC connected to node 5 of the distribution network 
 
Fig.5. Results of the SOFC based DG connected to an infinite bus  
 
 
Fig.6. Voltage profile of a 10 node distribution network without SOFC 
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Fig.7. Results of the SOFC based DG connected to node 5 of the distribution network 
 
 
 
 
 
 
 
 
 
 
Fig.8. Results of the SOFC based DG connected to node 5 and node 10 of the distribution network 
 
 
Appendix 
Data for the SOFC model: rK = 0.996 * 10^(-6), r = 0.126 Ω, 2HK = 8.43 * 10^(-4), 2HW = 26.1 s, OHK 2  = 2.81 * 
10^(-4), OH 2W = 78.3 s, 2OK = 2.52 * 10^(-3), 2OW = 2.91 s, ON = 384, OE = 1.18 V, R = 3814, T = 1273.15 K, 
F = 96487 C/mol, optU  = 0.85, setP  = 0.7 p.u., ratedV  = 333.8 V, OHr _  = 1.145, dcsetV  = 480 V, vpK = -0.5, viK
= -0.05, gT = 0.08 s, tT  = 0.30 s, rT = 10 s, rK = 0.50, pK = 120, R = 2.40 Hz/puMW, pT = 20 s, IK = 0.67, 
12T = 0.0866. 
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